“Calhoun 


Institutional Archive of the Naval Postgraduate School 


Calhoun: The NPS Institutional Archive 
DSpace Repository 


Theses and Dissertations 1. Thesis and Dissertation Collection, all items 


1949-05-20 


A design of an annular cascade tunnel and a 
cascade of airfoils 


Laster, Conley C., Jr.; Geehring, Donald R. 


Cambridge, Massachusetts; Massachusetts Institute of Technology 


http://hdl.handle.net/10945/6363 


Downloaded from NPS Archive: Calhoun 


| Calhoun is the Naval Postgraduate School's public access digital repository for 
(8 D U DLEY research materials and institutional publications created by the NPS community. 
«ith é Calhoun is named for Professor of Mathematics Guy K. Calhoun, NPS's first 


NAY KNOX appointed -- and published — scholarly author, 

| LIBRARY Dudley Knox Library / Naval Postgraduate School 

411 Dyer Road / 1 University Circle 
Monterey, California USA 93943 


http://www.nps.edu/library 


DESIGN OF AM ANNULAR CASCADE TUNNEL 
AND A CASGADS OF AIRFOILS 


CONLEY C. LASTER. JR. 
DONALD 2. GEEHRING 


DESIGN OF 
AN ANNULAR CASCADE TUNNEL 
AND 


A CASCADE OF ATRFOILS 


by 


Lt. Comdr. C. C. Laster, Jr. USN Lieut. D. R. Geehring USN 
B.S. U.&. Naval Academy B.S. University of Alabema 
(1949) (1939) 


Submitted in Partial Fulfillment of the 
Reouirements for the Degree of 
Master of Science 
at 
Massachusetts Institute of Technology 


20 May 1949 


Copy No. 2 


TABLE OF CONTENTS 


better of PreMOmitead  .nncsccesscvccccesocssss 7TT 
ge ee ee ee ee 
Summary +6 O94 0 o> 00 66 666 OH HE4 156 646 OH EEREE HE4 HOR « 
eee eee 


I The Low Speed Annular Cascade Tumnel ..ecccoae 
DORCTE PUG acne eo pug weseTVEEE Hs 60% e008 OH0* 
Discussion of Design Details  .eccccccvence 
Pressure Logses in Tumnel  ceccacsasecsenee 
Design DREWINGS — .cceeseeer sees seseses sees 


II The Annuler Cascade of Adrfoils  ..ccccessesees 
Two Dimensional Cascede Theory ...cscsccore 
Forces on an Airfoil in Cagcade 9 ..ncseseee 
Cascade A @eeseetoeeosveeaecpeeveveaeeeseoenasvpeeeoescea 
Cascade B #oeeoop PR Cvpecevesseeaeneeoveoaeeeoeese eevee 8 

III Experimental Investigation  ..sccsccoveevcsees 
Results @eesneaegnpe@esee@e@evpeseseeseeaoeveeovoanaereoaoeeseeanveange 08 @ 
Suggestions for Further Work  ..ccocccveces 

Appendix A 0 Sed One et &b4 beed el La a 


References OSS TSS (OSS SS) SNES) SPS eRe, SNe eee eee) eee © = ae eae (SP eee e 


Table I Ordinates of Mean Camber Line —- 
Blade Sections = Cascades B eee eoveaneeon & 


Teble II Ordinates of Blade Sections ~- 
Cascade B eveeoesveeseeoee2etbtesvspneveesesvavpeses ee ose 


Figures: 


1. MIT Annuler Cascade Tunnel - General 
Arrangement and Dimensions e@eesceeevesn at 


2. Cascede Nomenclature +~ 06064 OOM SEG RES OES 
3. Cascade & eeeoeeenesavaesseevsveaeseeaeseeeveeeseseneeveaee 


he Cascade B eeeeevneesseaerneesesusasesnsesevrenee 


ome 


(Dole 


Page No. 


52 


53 


‘ 


ief 
TILT TECLIILLici. Le ad Ome poe lv Gad le 
a 
ee ee ee ee ee ee 2 bold wiertal 


ceceecees | LecmwT etertat! 12 Qe0ms 


ee ee 
wor abs ccm Base 


saaqviateress 
ed 


fi=— -« . 


2 
See e hehehe eee hnee 
Cr ea 


ont sie 0 cle Ges ware @ fe os) + “Swans 0 cw cme 0 0 Se @ be e fe 8 —_ i athe 
wTetit att) Oa eee oe ee Sangeet! 


ce 


‘ oP re _ omnes 
4 
7s - 

re ee ee A moter? 


Ss & & & KES Wages aRe-- & + 
4 


Teele S 


Stee - Selott TR Od 
eer tt 


*.¢@RTery Tver 


si imse tee Ge Gevow sin. 


recbsliemaett whanesd 46 
Poe : } oe eevee . 
a . 


ab aUR SOUP PAASTEPES eek testisca = Eaohemad 14 


apa?) 


TABLE OF CONTENTS (continued) 


Figures (continued): 


5. 


6. 


7. 


8. 
9. 


10. 


ll. 


Determination of Fan Performance in MIT Annular 
Cescade Vind Tunnel @@eeeeoe@eseecaaneeeseteaeoaonvnaanaewanaeneeea 


Velocity and Yew Survey - Test Section - MIT 
Annuler Cascade Wind Tummel = ...cccccccccscccens 


Air Outflow Angles Determined by a Tangential 
Treverse of the Blade Wakes - Cascade A .cecee. 


Annular Cascade Tunnel - Oversil View TTT TT Ty 


Annular Cascade Tunnel - Test Section - Three~ 
quarter Front View e@*aeeeaeaeenanaseseneaesvsa@estevoneaneenvneeennea 


Annular Cascade Tunnel - Test Section ~ Three- 
quarter Rear View @eeae@oeoeasvpoaeseeeeavaavaeseaespesaespaneeanaea 


Traversing Mechanism ~ Showing Claw Type Yaw Head 


Pege No. 


“i 


Sete tetand eee eeee 


MIT Gee Turbine Laboratory 
Cambridge, Massachusetts 


Professor Joseph S&S. Newell 

Seeretery of the Faculty 

Me seachusetts Institute of Technology 
Cambridge 39, Massachusetts 


Dear Professor Newell: 

A thesis entitled "Design of en Annular Cescade Tunnel 
and a Cascade of Airfoile" is submitted herewith, in partial ful- 
fillment of the requirements for the Degree of Master of Science 


at the Massachusetts Institute of Technology. 


Very truly yours, 


Conley C. Laster, Jr. 
Lt. Comer. USN 


Donald R. Geehring 
Lieut. USN 


—-_ oe - ro =—_ 
FMT whine RL at Yor erga” Matalome witmait 8 
ty? Labreee al Ae tewwat Medellin 04 "SLictae4 Le eheotes § Bae 


AueIWh lo tates to sivped az te? vtemetieyes it lo sneelfl' 
qgelensoeT Yo etud iter] ws tetoniomem ait oy 


epney Uert pret 


ont 3 leo? 
whet 660 


ae 


ACKNOWLEDGEMENTS 


The generous assistance, cooperation, and advice of 
the following are gratefully acknowledged; 
Dr. W. R. Hawthorne 
Mr. F. Lustwerk 


The United States Neval Ehipyard 
Cherlestown, Massachusetts 


The Generszl Electric Company 
(Aircraft Gas Turbine Division) 
Lynn, Massachusetts 


a ee ee ee = 
——a tt ces , 


-_ -. ea” 
~~ ore 


a 


SUMMARY 


A low speed annuler cascade wind tunnel was designed 
and constructed end is presently installed in the MIT Gas Tur- 
bine Laboratory. It is anticipated that this tunnel will be 
used to secure data for correlation with three dimensional 
theory of flow in an annuler cascade, particularly appliceble to 


the design of compressor inlet guide vanes. 


An annuler cascade of thirty-six airfoils having a 
cubic variation of circulation with radius was designed for use 
in the tunnel. Construction of this cascade is pending. Another 
annuler cascade of fifty-four airfoils is instelled in the tunnel 


awaiting test upon completion of instrumentation. 


A three dimensional vortex theory of flow in an annular 
cascade, developed by Dr. W. RK. Hawthorne, is presented. This 
theory was employed in the design of the thirty~six sirfoil cas- 


cede. 
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INTRODUCTION 


The ever increasing development and production of axiel 
flow — components of gas generators and gas turbine power 
plents hes clearly outlined the neec for knowledge of eirflow be- 
havior in e cescade of airfoils. This problem hae been the subject 


of considereble study during the past decade, 


Compressor inlet guide vanes, in particular, have fre- 
quently been found to give considerably different turning angles 
under test from those for which the vanes had been designed by em- 
ployment of two dimensional theory. A lack of adequate theoretical 
develorment, together with the increased difficulties involved in - 
experimental determination of three dimensionel flow cheracteristics, 
has limited many vrevious investizations to 6 two dimensional flow 
pattern (References (1), (2), (3)). Some work has been done on three 


dimensionel roteting ceecade blovers (References (2), (4)). 


Additional investigations are currently in progrege in the 
low speed, two dimensional cascade tunnel of the Gas Turbine Labore- 
tory, MIT. It was felt that additional valuable informetion could 
be obtained from a companion three dimensional annuler cascace tun- 
nel to supplement 6 vortex theory of flow in an annular cascade be-~ 


ing developed by Dr. W. R. Hawthorne. 


This project, therefore, was undertaken in October 1948 


and is the subject of this thesis. The project logically divided 
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into three phases: 


I Design and construction of the low speed 
annular cascade tunnel. 


II Design and construction of the annuler cascade of 
airfoils. 


III Experimental investigation of the flow field about 


the annulur cascede end correlation of test results 
with the theoreticel development. 


It was originally envisioned that only Phases I and II 
could be expected to have reached completion by May 1949 and this 
hes been borne out by the results to date. Design of the tunnel was 
initiated in October 1948. Construction of the tunnel by the Naval 
Shipyard, Charleetown, Massachusetts, was begun in late December 1948. 
Design and construction proceeded simultaneously, and the tunnel and 
the traversing mechanism (minug the probes) were completed during the 
second week of April 1949. The clew type yaw-meter probes were re- 
ceived from the Airflo Instrument Company, Glestonbury, Connecticut, 
in April 1949, and the remeining instrumentation is currently in 


progress. 


Design of the annular cascade of airfoils wes begun in 
November 1948 and completed in March 1949. Construction of this cas- 


cade by the Generel Flectric Company, Lymn, Massachusetts, is pending. 


It is anticipated that future experimental results obtained 
in the tunnel will be directly applicable to the design of inlet guide 
vanes for axial compressors and will be suitable for comparison and 
correlation with predictions of the three dimensions] theory presented 


in this thesis (Appendix A). 
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SYMBOLS 


cross—sectional srea 


dietance, meesured along chord line, from leading edge of 
airfoil to point of maximum camber 


ac, /d x 

velocity 

drag coefficient 

profile drag coefficient 

lift coefficient 

chord of airfoil g 2 
pressure loss coefficient through screen - a -g)* 

drag force 

screen erea 

projected wire area of screen 

coefficient of friction 

enthalpy per unit mase of gas 

length (referring to cascade tunnel) 

lift force 

length (referring to cascade blade) 

number of blades in cascade 

static pressure 

Stagnation pressure 

volume rate of flow 

velocity head (p¥*/2) 


heat transfer per unit mess of gas 
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r/r, 

r/T, 

redius 

gap between blades 

entropy per unit mass of gas 
torque force 

velocity 

specific volume 

mass rate of flow 


axial force 


- exponent denoting variation with radius of circulation around a 


cascade blade 

air angle measured from redial plane along axis of tunnel (Fig. 2) 
angle of attack of airfoil at sero lift 

circulation 

deflection angle (Fig. 2) 

angular distance measured from come fixed radial line 

density 

stagger angle 


blockaze rette, F./, 


Subscripts: 


9° 


~- denotes stagnation condition 


1, 2, etc. — stations along tunnel as per Fig. 1 


1, 2 = stations forward and aft cascade respectively 
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mean value (Sketches, pages 25 and 26) 
at tip 
tangential component 


axial component 
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I THE LOW SPEED ANNULAR CASCADE TUNNEL 


Deecription 


Overell Length (with 9 screens)......... 157 inches 
Center Line Height (above deck)......... 38 inches 
Maximum Inside Diameter.....ccccecscsees 27¢ inches 
Test Section Inside Diameter. ..sccscseee 152 inches 
CapRch by. cesctccccsessecsccscscccesccess S900 cfm 
Velocity at Test Sections 

(with gin Giameter core)..c.ceseceees 159 ft/sec 


4 
(with 7 diameter COre).cccssccccees 138 ft/sec 


The general outline and basic dimensions of the tunnel 
are shown in Figure 1. A view of the completed tunnel is shown in 


Figure 8. 


The tunnel is powered by « Buffalo Forge Compeny A&A4W5 CCW 
Axial Flow Fan, reted to deliver 8000 cu. ft/min at three inches of 
water etatic pressure at 1750 rpm. The fan is followed by a straight 
diffuser section 46 inches in length, enclosing @ tepersd ewnivel 
fairing mounted on the rear of the fan motor. An angle of 8} degrees 


is included between the cone and the straight side of the diffuser. 


feven sixteen-mesh screens spaced et two inch intervals 
are placed behind the diffuser section. An eccelerating section 


follows and reduces the tunnel diameter from 27} inches te 157 inches 
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in a length of <4 inches. 


Two edditional sixteen-mesh screens are placed immedi-~ 
ately behind the accelerating section. #11 screens are individual 
units and are located between flanges of the duct so that the num- 


ber of screens may be increased or decreased as desired. 


An approach section eighteen inches in length completes 


the installation upstream of the test section. 


Fach duct cection is supsorted in its own wooden cradle. 
The individual duct sections are bolted together to form the com- 


plete tunnel assembly. 


The test eection ie a straight section 19; inches in 
length mounting the traversing mechsniem end probes, and contain~ 
ing the cascade, 2 center core and nese section, and the mechaniem 
for rotating the cascade. Front and rear views of the test sec~ 
tion assembly ere shown in Figuree 9 end 10, The cascade presently 
mounted in the tunnel is the inlet guide vane aggembly (54 airfoils) 


taken from en aircraft engine. 


\ 


The traversing mechanism is cesignec to permit a radial 
traverse of the cascade, measuring totel pressure and flow angles. 
Traversing in the tangentiel direction is eccomplished by rotating 
the cascade. The traversing mechenism is illustreted in detail in 


Figure ll. 


The remaining instrumentetion presently contemplated for 
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measuring total end static pressure upstream of the cascede is 


outlined in Figure 1. 


Discussion of Design Details 


The decision to make use of a low speed tunnel was dic- 
tated by three considerationss (1) It wee desirable to avoid com 
pressibility effects during tests for correlation with theoretical 
predictions. (2) Severel other projects were scheduled to be 
operated in the M.I.T. Gas Turbine Laboratory high speed duct at ap~ 
proximately the expected time of completion of the annular cascade 
yeunsl., (3) <A Navy surplus fan of suiteble capacity for the low 


speed tumnel was aveilable in the Ges Turbine Leboretory. 


A preliminary test run of this fan proved satisfactory 


and it was made the cornerstone of the project. 


After several fruitless efforts hea been made to obtain 
& suitable cascade of airfoils for test, and in order to determine 
the necegssery duct dimensions for design purposes, it wes tenta- 
tively decided to design a set of blades. The General Electric 
Company, Lynn, Messachusetts, was approeched, and offered to man- 
ufacture the proposed set of blades and permit their use by the Gas 


Turbine Laboratory on @ loan basis, 


Simultaneously, & sepzrete effort resulted in the salvag- 
ing of an inlet guide vane assembly from an aircraft engine. The tun- 


nel was designed, therefore, to accomodate the besic dimensione of this 
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assembly (Cascade A), and the design of the blades to be manufactured 


(Cascede B) wes continued in conformence with the tunnel dimensions. 


Since Cascade A was constructed with a 1/8 inch outer shroud, 
it wes considered desirable to keep this shroud out of the eirflow in 
order to avoid excessive local turbulence at the outer diemeter. A 
recess was provided at the forward end of the test section outer casing 
to accept the shrovd. This fixed the inside diemeter of the outer 
casing at 152 inches. Cascade B was designed without ae shroud and 
its greater chord length precluded any fit into the recessed section. 
Consequently, Cascade B was designed to @ nominal overall diemeter of 
154 inches. When this cascede is to be used in the tunnel, the re- 
cessed section must be filled by using a 1/8 inch annular ring, 16 
inches overall diameter and 1-4/10 inches long, or by filling the 


cavity with modelling clay. 


In addition, Cascade A has @ hub-tip ratio of .586¢ while 
the hub-tip ratio of Cascade B is .500. The 9% inch diameter tunnel 
core was built for use with Cascade A. Therefore, a 7-7/8 inch 
diemeter core must be provided te replace the 9 inch diemeter core 


when Cascade B is to be installed in the tunnel. 


It wes planned to avoid the use of a clumsy settling chamber 
in the tunnel design. The straight sided diffuser section and cone 
fairing greatly simplified the design and permitted a neat instella- 
tion. The use of a straightening tube honeycomb et the rear of the 


diffuser section wes planned, if tunnel calibration tests indicated 
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undesirable rotetional flow at the test section. A preliminary 
tuft survey; however, has indicated an axial flow pattern with negli- 
ble rotation, hence the use of a straightening honeycomb appears un- 


necessary. 


In order to make treverses behind the cascade of airfoils 
in both radial and tangential directions, the treversing mechanism 
must either travel tangentially around the casing or the cascade 
must be capable of retetion. The latter solution gave promise of 
ease of operation and simplicity of construction. The idea of em-~ 
ploying a central shaft supported on two bearings menually centered 
by the use of six bolts tapped through the casing to form two spider 
supports wes first suggested by Mr. Lustwerk, and wes adopted after 
further study. The rotation of the cascade is obteined by the use 
of a pair of bevel gears cpereted by a turning ber projecting through 
one side of the outer casing and fitted with a friction brake. This 
has the advantege of offering a reletively small additional resistence 
to the airflow in the test section and keeping the exit clear in the 
event thet it might later be decided to add a diffusing section. A 
two to one gear tooth ratio permits positioning the cascade tangen- 


tially within 1/2 degree or less. 


The traversing mechanism is mounted on a pad on the top of 
the test section outer casing and is secured in place by six set 
screws. The yowmeter is of the clew type and is rotated by s worm 


and gear end moved radially by a calibrated threaded bolt. The 
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traversing mechanism may be located axially in eny number of posi- 
tions, limited only by the number of holes drilled through the 
mounting pad to allow the probes into the tunnel behind the cas- 


cade. 


No provisions are presently provided for removing boundary 
layers. This poses a fairly difficult problem, since enmnular man- 
ifolds must be provided for both inner and outer surfaces of the an- 
nulus. The location of the test cascade just aft of a flenge, how- 
ever, should permit the installation of such menifolde if they ap- 


pear desirable. 
No provision is sveilable for obtaining photographic data. 


A celeculation of the forces expected to be exerted on the 
eagcade by the airflow was made in Phase II for Cascsde B. The re~ 
sults, an axial force of 4.9 pounds and a torque of 126 inch-pounds, 
were used to cetermine component dimensions required for structurel 
rigidity of the test section assembly. Generally compareuble forces 


may be expected from Cagcade A. 


Pressure Losses in Tunnel 
The design operating point of the fan was determined from 
the fan performance curves and the following calculation of pressure 


losseg through the tunnel: 
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Ap 
Wall friction loss: — =f 4 Darey~Welsbach Eouetion 


Ap, = 7 
o 


Loss through screeng: =e = 
uOss through sereens W (1 - g)* 


where @ is the blockage ratio 


Core, spicer drag losses: 


Ar, _ , ‘poay 
~ “ek 
& duct 


where dea le crees section or projected 


frontel area 


Ap Cy 1 
Loss through cascesde: q 


AV 
Assuming incompressible flow, * Tr where V = C,. 


A, 8G. ine °°? 430 583 583 195 195 130 130 
1 oa | a a 
Cc ® c 
x x) C C C Cc CG CG 
i = % F % 4 
544 544 4eS4 4.84 10.95 10.95 
q Oo @ , 
- = & & & & ey 
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Ref. 


(5) 


Ref. (6) 


Ref. 


(8) 


Ref. (12) 


Assuming standard sea level conditions, 


f~a® 


Average Reynolds Number = 500,000, 


Stetion 1 - 2 


Ap 
—2— = ,015 fat +2} an 
: 
p 
2 = 086 
ay 


Etation 2 - 3 
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P= -E-2z1Ox 2010 _ 32 
F 1.000 
al 232 : = 
7" (1 = 32) = me 2k 
p 
: Dox .015 (14/27.25) + (7) .222 
2 
Ap 
2 = 1.200 
a 
Station 3-4 
Ap, 2h 
Gra, = 015 (27.25 + 15.75)/2 
3 4 
2 
Ap, 


2002378 slugs per cubic foot 


° 
e e 


f= ,015, Ref. (5) 
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Etetion 4 - 5 


AP, 
a———= = (2) ¢ = 2% ekekl = oA4Z 
a, w 


2e140 


Stetion 5 - 6 
& = 67.1 sq.in. 


core 
Cc, = (.30) met. (8) 
| Ap, | 
Drags = .30 x &7.1/195/= .103 
>A : 
P 18 
ee a (3) ”, = 1 Et 
Friction: = ai a p= =. 
riction ay O15 | i5 22] 037 
Ap, 
Totels : = ,509 ¢ .406 = .906 
“1 
Etation 6 - 7 : 
‘ A 4 296 
Cy “D + .02 8/1 + (1/e) 


Estimated Average Drag Ceefficient (Cascade B) 

CG, = .02 + .02 (1.00/3.94) + .06 (.7)" (1.70/3.94) 
C,, = .038 

Average a = 15 degrees (Cascate 8) 

gfe = .61 at moon radius 
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Ststion 7 - 8 


A oae’™ 6 (3.25 x .50) = 9.75 
A = 3.25 % .75 = 2ehh 
ante 12.19 sq.in. 
C= «30 Ref. (8) 
APs = 015 | 2+ 1g + .30 (12.19/130) 
Gy ; 15.75 9.125 ‘ ’ 
Po 
= .039 + .025 = .067 
a, 
A p : 
% oT 
Station Ap,/a 
2 = 3 1.206 
3-4 0.041 
4-5 20140 
6-7 0.760 
. 5.873 “7A p/%y 
fo Cx, 
Ap «5.075 ———2 zit x 20307 x 12, inches of water 
Q= re oe x 60 cubic feet per minute 
Ap, = .00134 Of 
Q=179 Cx, 


Sliminating Cx,» with @ in cubic feet per minute, 


Ap, = 


2 
woos. (84) 
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of the curve of pressure drop end the fan characteristic curve, 
ure (5). 
dicated, resulting in an 


feet per second (Cascade A) or 136 feet per second (Cascade B). 
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The design point of the fan is found to be the intersection 


Fig- 


An airflow capacity of 8500 cubic feet per minute is in- 


Design Drawings 


A complete folder of blueprints for the tunnel end cugcedes 


is included in copies No. (1) and No. (2) of the thesis. 


list of the drewing numbers is included here. 


are on file in the MIT Gag Turbine Laboratory. 
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Drawing 

Number Item 

N-1234 Treversing Screw and Worm Sheft-Traversing Mechaniem 
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N-1239 fpacer 

h-1240 P 

Ne1241 " 

N-1242 * 


N-1243 Nose Piece-Inner Casing 

N-4244 Test Assembly-Inlet Guide Venes (Cascede B) 
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IIT THE ANNULAR CASCADE OF AIRFOILS 


Two Dimensional Theory of Flow 


Consider en annuler element in the flow field, of unit 


axial length. Flow is assumed symmetrical about the axis. 


| 


prdp 


Mass Flow = OC, Sr 
Summation of Forces in Rediel Direction 
(p + 6p) (r +61) 50 = pr8O04 (p +42) 5780400258 dr 
pr 60 +p br 50+ 7 Sp 80+ bp 5:68 ~ pr 66 - p hr 40-2 $156 


~ ce 66$r =0 
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Simplifying and eliminating second order differentials 


¥ Sp = ptidr 


of 

dp _u 
dr & r 

2 

a Cy 

or Vv = 
' dr r 


If a cascade of airfoils is placed in the annulus, end 
adiabatic stesdy sirflow traverses the cascade, the totel energy re- 


meings constant 
dg =dht+ta-z=0 


dh =~ d 


For agswmed isentropic flow 
T ds = dh - vdp=0 
2 
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It 4s further assumed that for the flow through the ennuler 


essesde, a point (1) 16 taken far upstrenm end a noint (2) is taken 


far downetream, guch that 


Then 


Letting 


i CG = C = cengtant at all radif 
*y 


2. The product of the radius end the tangential velocity 


at (2) varies ae s fumetion of the radius raised to 


some power, Z 
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Integrating between r and vr, 
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The continuity equation for mass flow through the cascade, 


assuming incompressible flow, is 
Pt Fe 
C 27r dr = 6 2ir ér 
x, x 


r 


or, since C,. is essumed constant at all redii 
1 


1 1 
C RdaR = C R dk 
“= j fs, 
R R | 
2 1 
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rs 2 a 
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Integrating 
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Thus, by assigning desired values to z and %,y, the 
velocity pattern may be determined for all blade radii. 
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At eny given radius, r, « control eurfscs sbed: La drawn 
around an eirfoill of the casgende. Flow is sscumed isentropic and ineon~ 
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If redial flow is appreciable, then 0,7 C 


ere = =e = —— 


SL 


*2 
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ar 


27 
Now s=r@,where O= N (Number of fanes) 


Cascade A 

Cescade A is the inlet guide vane assembly from an aircraft 
engine, It consists of 54 eirfoils welded between an inner end an 
outer shroud, and was originally split on a diemeter into two assemblies. 
In order to mount the cascade in the tunnel the two halves were brazed 
together to form a single assembly. This assembly was fitted on a 
wooden disk and held in axial position on the central shaft in the 
tunnel by means of bolts through the wooden disk. The assembly is best 


shown on Drawing Nos. N=-5254 and Ne4224. 

The blade profile end plenform are shown in Figure (3). 
Design velocity triengles «t hub and tip and variation of turning angle 
with radius are elso shown on Figure (3). 

The radius at the blade root is 4.625 inches and the tip 
radius is 7.875 inches, giving a hub-tip ratio, RS = .5875. 
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*n “ugh (rn)? 
Ty Cu, fe) 


6384 = (.5875)* 


~» 6*is 


It is interesting to note here that for free vortex flow, 
z= 03; for "solid body" rotetional flow, 2 = 2; and Cascade B is 


designed with = 3. 


Cascade B 

Cascade B was designed using the three dimensional theory 
of Appendix A. It eonsists of 36 eirfoils retained in a central 
disk. The tip radius is 7.875 inches and the hub radiue is 3.938 


inches, giving a hub-tip ration, R = .5. 


A cubic variation of circuiation with blade radius is 
obtained by setting 2 = 3, in order to provide a severe test of 
theory. The turning angle at the tip was arbitrarily set at 45 
degrees as reprecenting the maximum that could be obtained with the 


availeble value of solidity and with a moderate lift coefficient. 


The number of blades wae selected as a compromise to give 
a good approximation to the infinite requirement of the three dimen- 
sional theory without excessive menufscturing cost. The blades were 
tapered lineerly from tip to hub to obtain suitable values of lift 


coefficient. 


After selection of these design parameters, the design 
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proceeded as followes 


Design constants: 


zg = 3 


2 A2, = 45° at r, = 7.875 inches 


From the previous development of cascade theory, substituting 


these design constants 


6 3 tan? 450\" | B* (3(amten® 45°) 2 - HY 
~" 2 ' 3 tan* 45° 
2+ (1 - Re) 
| 1 
3(1-tan” 45°) -1 _, -1 R 
+ oF sin \Tarer are 
3 tan* 45 3(]- tan - 
3 tan® 45° 
Ro 
Cxy 
Oxo = 1.35, or Cxo4 = 2741 Cxy 


Alsos Oxo, = Cy, = +741 6, 


Kis (Rl abe Vo Geeta omitting wit aot 
ArAAInabs alex sai? 


Esmee 2 
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A 
Cy, = +7Ad Oy [a + 4a - 24} 
GC, = .741 Cy R 
We * 
¢ 
| 
tana, = 7 


But, from Appendix A, it 1s recelled thet the blade performs 
es if it were in a flow field, Cc. 


Therefore 


C 
tang, = W2 


& 
design Cx, + Cx. 


2 


CG 
e741 *1 


Four sections are determined, at R= 1.0, .9, .7, and .5. 


The basic secticn for the blade is teken from reference (3), increased 
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in thickness from 6% to 10% for menufacturing purposes. This section 
is designated 64(B)-10. It is an experimentally derived section and 
gives the required turning angle at R = 1.0 with peak-free pressure 
distribution. In order to échieve a smoothly feired blade, the re- 
maining sections are obtained from the basic section by an empiricel 
construction based on the tangent to the mean cember line at the 
trailing edge. The distribution of csember and thicknegs along the 
chord are held constant while the camber is rubllipee to give the de- 
sired turning angle. The thicknese ration of ten percent remains 


constant. 


Comperison is made to other referencesto validate the 


choice of section, as follows: 


C, (solated = lope of Cy, Angle Angle of 
airfoil) ve. Angle of x of - Attack, 
Attack Curve Attack Zero Lift 
(1) ¢ = @ (a. -7) -& Ref. (7) 
Ls solated ° . Ly 
eirfoil) 
where X, is determined by construction Ref. (8) 
(@) . 


(2) ¢€ —2e/e __ Ref. (12) 
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(3) 6=6 Jt E (2) a4) , Ref. (9) 


Another velue of 6 for comparigon is taken from reference 


(14). 
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1 constructions were made to a scale of ten to one to 
insure reasonable accuracy. Some slight compromises were necessary 
during the layout to obtain smooth contours between blade sections. 
In addition, the thickness of the trailing edge was increased to 


-015 inches for menufacturing purposes. 


A comperison of the lift coefficients and outflow angles 
of the derived sections, as determined from the above sources are 


compared with the design values in the following teble: 
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Ordinates of the mean csmber line of the four sections, measured 
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from the chord line, ere tabuleted in Table I. Ordinates of the four 
section profiles, also measured from the chord line, were determined 


from layouts and are tabulated in Table II. 


& calculation of the forces acting on this cascade was meade, 


for use in designing components of the annular cascade tunnel such as 


Constr. Ref.(8) 
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shafts, bevel gears, and friction brake. Since an exact figure was 
not required, the assumption was made that Cx, = Cx, in order to 
simplify the calculation, particularly in the case of determining 
the axial force, X. 

Axial Force X 

From Pege 

x =Sw (Cx, - Cy,) + (p. - Py) * br 

Applying the above assumption, 


6x = (Pep = Po,) - 2 (co -c) dr 


1.0 


m4 
{ 


. 2] BR) 
“2 sr, (.741 ¢,,) E 
75 
For P= .002378 slugs/cu.ft. 
Seay * 1.031/12 feet 
2 
X = -.715 x 10-6 Cx, 


Cy. = 138 feet per eecond (See page 17) 


1 


we 


NL RE Pam te atlas ate ae cat Lom Ate 
a2 rele 3h gal © ped sme shee por qutogumes aa {Serene fon 
Srtalerne® To WAG wd 6d yhudaacsruey pimtiatintan whe qligets. 

a oe ae 

oot mt 7 

. tbe (a 3 . (- eet) war 88 4 ; 
Be BHR a= ee 

we a=) > z= 

Wf bce fw 


: . eee pael| angen 


“Tele BT) ae A> >= 

Piwd\agess eNO.» O si 
aunt UNS = 

ot ORE & EU »3 


> | 


(7 eee whO) bere ren feel OTL | ie 


X = ~.136 pounds/blade 
X (Total) = ~ 4.9 pounds 


Toraue Force, T 
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-6T = bw (Cy, ~ Gy) 
- = ~ ( @x, sr, Cu, an 


1.0 
T= PCy, # Ty, fora hy R™ aR 
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C 
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29 x 10° 


3 
ft 


T = .552 pownds/blede 
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*Torque/blade = .552 x .8 & 7.875 
Torque/blade = 3.5 inch-pounds 


Torcue ‘(Totel) = 126 inch-pounds 


*.8 r, teken ac center of forces since turning angle is increas- 
ing toward tip of blede. 
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III EXPERIMENTAL INVESTIGATION 


Results 


It has been previously noted that the design and construc~ 
tion aspects of the current project were not completed until mid- 
April 1949. After installation and adjustment the sehiguedt Was 
ready for calibration early in May and a temporary manometer setup 
wes improvised in order to obtain some preliminary data. Test rus 
were made during the sécond week in Mey and approximately three 
hundred and fifty test points were tuken and recorded. It should be 
emphasized, however, that these date should be regarded as tunnel 
calibration deta rather than as accurate information applied to the 


performance of the cascade, 


Hesults of the tunnel survey, with the cascade removed 
are presented in Figure 6. These tests indicate a good velocity 
profile at the test section of the tunnel. Boundary layer thick- 
nesses are of the order of 1/2 inch at the outer wall, and 3/8 inch 
at the inner core, Since inlet guide vanes to an sircraft engine 
must be designed to operate in a duct where a similer build-up of 
boundery layer must be expected, this is not presently considered ob- 
jectionable, The magnitude of the absolute velocity at the test sec- 
tion appeers considerably lower than the calculated value, when using 
& manometer vented to embient static pressure. The true tunnel veloc- 
ity cannot be determined until vrovisions are aveileble for obtaining 


the static pressure in the test section. 
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Maximum rotation of the flow was 24 degrees, near the 
outer diameter. Since a satisfactory method for zeroing the yew~ 
meter in the true axiel direction hes not yet been developed, the 
zero setting was established by line of sight. Since there is no 
reason for the airflow to rotate in opposite directions at — 
and outer redius, as might appear from Figure 6, it is assumed thet 
the flow at the inner radius is axial, and a one degree correction is 
added to all gsubsecuent yawmeter readings. This appears to be of the 
correct order of magnitude for the accuracy to be expected from the 


sighting method used for zeroing the yawmeter. 


With Cascade A pleced in the tunnel, radial traverses were 
mede at .100 inch intervals over an arc of 12 degrees. Tangential 
traverses were made et one degree intervals over an arc of 14 degrees, 
at .500 inch radial intervals. Representative flow charecteristics 


are presented in Figure 7. 


The results are generally excellent judged on the basis of 
reproducibility and cyclic repetition. A comparison of these prelim- 
inary date with the cesign values for Cascade A is made in Figure 3, 


but no conclusions are drawn from these early findings. 


It is apparent that some seperation is occurring from the 
upper surface of the airfoil, thus reducing the outflow angle in this 
region. Total pressure losses are relatively low in thie region. Ae 
the wake region behind the trailing edge is treversed from upper sur- 


face to lower surface, the turning angle increases sharply, eccompanied 
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by a loss in total preesure, indicating 2 considerable boundary 
layer on the lower surface of the sirfoil. Between these regions, 
ecroes an erc of 2-3 degrees (airfoils sre spaced 6.67°), the cut~ 
flow akgive is relatively constant, and pressure losses are low. 
The outflow angle in thie central region is taken es the average 


outflow angle for the comparison on Figure 3. 


Within the boundary layer at both the inner and the outer 
tunnel walls, the outflow angie increases sharply. It seexus probable 
that secondary flow circulation from the lower surfece of one air- 
foil to the upper surface of the adjacent airfoil may cause the con- 


siderable increase in turning angle in these recions of low velocity. 


Much additional date must be obtained on Cascade A and 
Cascade B, when it is built, before any valid conclusions mey be 
drewn concerning the correlaticn of the experimentel results with 


the theory outlined in Acpendix A. 


Suggestions for Further Work 

hs a result of the preliminary test runs, the following 
suggestions ere offered to improve the performance of the tunnel 
and enhance the value of future experimental investigations: 

1. Gomplete instrumentetion. 

2. Determine true axis of tumnel and seribe inside of 
test section outer casing in order to properly zero yawmeter in 


axial direction. 


3. Provide a vernier on indicating quadrant of cascade 
rotating mechanism to permit accurate setting to tenths of a degree. 
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4. Reduce friction in cascade rotating mechanism and 
eliminate backlash in system when rotating cascade to left (viewed 
from rear). No significant backlash exists when cascade is rotated 
to right. 


5. Reduce roughness and fitting irregulerities in the 
vicinity of the cascade. 


6. Remove or reduce boundary layer by use of annular man~ 
ifolds, or possibly by shortening the epproach section preceding the 
test section. 


7. Seal plywood spacers separating screens to prevent 
eir leekege from the tunnel. 


8. Possibly edd a low resistance straightening honeycomb 
in an attempt to eliminate the slight flow rotation. 
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APPENDIX A 
VORTEX THEORY OF ANNULAR CASCADES* 


The vortex theory of airfoils and propellers may be 
applied to the flow through an annular cascade (Ref. 15). Assuming 
incompressible flow, in the case of a ring of blade designed to 
give free vortex flow downstream the blades may be replaced by vor-~ 
tices bound to the respective locations of the blades. Each blade 
may be represented by a single vortex line whose circulation, / , 
is independent of redius and whose axis 1s e streight line which 
intersects the axis of the annulus, Fig. 14. A uniform axial vel- 
ocity, Cs is superimposed on the velocities produced by the bound 
vortices. A path ABCDA enclosing one blede and following similar 
streamlines in adjacent blade passages will heve a circuletion 
2nre /Z where Z is the number of blades. Since the circulation, , 
is constent, C is constant and the downstream flow, being addition- 
ally one with constant entropy and stegnation enthalpy, must be free 


vortex. 


The representation above does not give a complete picture 
of the flow. The influence of such bound vortex lines downstream 
et infinity le negligible, but the circulation along a path, BCB, 


enclosing the hub or cylinder which forms the inner wall of the 


*This development by Dr. W. R. Hawthorne, George Westinghouse Pro- 
feesor of Mechanical Engineering, Massachusetts Institute of Tech~ 
nology, Cambridge, Massachusetts, 
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annulus equals enc. =Z€ . Therefore in representing the condi- 
tions at infinity 14 1s necessary to turn the vortex lines replac- 
ing the bledes through e right angle end let them trail off down- 
stream enclosed within the inner wall of the annulus. If the 
treiling vortices pess downstream elong the axis of the annulus and 
the bound vortices pass radially to infinity then the boundary con- 
dition of no radial velocity ie eatisfied et the inner and outer 
walls up end downstream at infinity and in the plane of the bound 
vortices representing the blades. For a finite number of blades 
the condition of zero radial velocity at the walls is not setisfied 
elsewhere and it does not appear possible to obtain a simple vortex 
representation of the flow for a finite number of blades. For an 
infinite or large number of bledes the vortex representation of 
Fig. 2A along with a superimposed axial velocity gives stream sur- 
faces which are concentric cylinders everywhere and satisfies the 
conditions of flow. This method of representing the flow for a 
cascade designed to give free vortex flow downstream may be extended 


to other types provided the number of blades is large. 


Considering the case where the circulation varies along 
the blade span, a vortex shect of strength df /dr per unit redial 
length trails downstream off the blade. To satisfy the boundary 
conditions at the welle each filement of these trailing vortex sheets 
requires multiple reflection in the walle. A number of equivalent 


diagrams mey be drawn of which Fig. 34 is an example. In thie figure 
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the circulation around each blade increases from a value % 

at the hub (inner well). Each blade and its trailing vortices 

are represented by a bound vortex of circulation le extending 

from the axis radially to infinity, and a system of appropriate 
horseshoe vortices, each horseshoe vortex being of strength d/l" /dr 
per unit redial length and combining with the bound vortex in the 
sense required to give the desired circulation. At the axis the 
bound vortex trails off downstream as above in order to reproduce 
the boundary conditions at the inner wall. In this exemple each of 
the existing trailing vortices is part of the horseshoe formed by 
reflecting it in the outer wall, This system is reflected in the 
inner wall, giving a system which in turn is reflected in the outer 
wall and so for en infinite number of reflections. The reflection 
in each wall is performed so that the product of the radius of the 
vortex and the radius of ite reflection is the square of the radius 


of the wall in which it is reflected. 


The trailing vortices lie along stream lines and there- 
fore wind downstream along the annulus in approximately helical 
peths. With a superimposed axial velocity equal to the axial 
velocity upstream at infinity this system will represent the flow 
through an annular cascade consisting of a large number of bledes. 
The circulation on any stream surface downstream at infinity is equal 
to the circulation Z/[ at the radius at which this stream surface 


pagses through the blades. In Fig. 4A is illustrated the procedure 
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for proving this. Along the path ABCDA in which AB and CD are 
adjacent stream surfaces and the flow through the circle ADA 

equels that through BCB the circuletion enclosed is Z/[. This may 
be demonstrated by developing the surface ABCD and noting thet it 
encloses all the blades. Now if AB and CD ere made prectically 
identicezl stream lines the contribution to the circulation from 

AB cancels that from CD. There is no contribution from AD if this 
is located far upstream, hence the circuletion enclosed by BC is 
equal to Z/™. The picture of the flow in Fig. 3A clearly satisfies 
this since contributions from complete horseshoe vortices enclosed 
by BC cancel out and the circuletion equals thet of the axiel trail~ 
ing vortices and thoge horseshoe trailing vortices of which only one 


treiling portion is within the circuit BC. 


Only one blade end its associated trailing vortices is 
shown in Fig. 3A. The boundary conditions et the annulus walls, 
however, are satisfied everywhere only by an infinite number of 
blades with this representation. For this cese the flow is axially 
fymmetric and the trailing vorticity is distributed throughout the 
flow field. The vortex lines following the stream lines may be re- 
garded as distributed uniformly over stream surfaces coaxial with 
the annulus. Due to the effect of velocities induced by one vortex 
surface on the other such stream surfaces are not generally cylin- 
drical except at large distances from the blades. The approximately 


helical vortices in esch streem surface may be resolved into components 
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in the tangential direction and components following the stream 
surface in an almost axial direction. Hence, the trailing vor- 
tices may be considered as a system of ring (or smoke ring) vor- 
tices and « system of vortices following the generating lines of 


the stream surface. 


The radial velocities ere largely induced by the ring 
vortices, the contributions from the vortices following the gen~ 
erating lines being small due to their small components in the 
radial direction. At a large distance downstream from the blades 
the stream surfaces become concentric cylinders, the generating line 
vortices induce no radial velocities, and the redial velocities 
induced by an infinite set of ring vortices similer to those of Fig. 


SA is zero. 


If it is asswaed that the redial velocities are so small 
that the trailing vortices lie on concentric cylindrical surfeces, 
the velocities induced in the plane of the blades may be compared 
with those induced downstream at infinity in the following manner 
(Reference 11). The axial components of the treiling vortices, Fig. 
GA, being uniformly distributed over the surface of e cylinder induce 
only tangential velocity components and no redial or axial components. 
Since the bound vortices induce no velocities either in their plane 
or et infinity, the induced velocity at the plane of the blades due 


to the semi-infinite axial vortices is half thet induced by this 
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vortex system at an infinite distance downstream. If Cu, and Cu, 
are the tnegeubéinl velocities at infinite distance upstream and 
downstream of the blades respectively, the induced tangential 
velocity due to the axial components of the vortices trailing from 
the blades is (Cu, - Cu, )- The induced velocity due to these com 
ponents et the blades is (Cu, “ Cu, )/2 and the tangential velocity 


in the plane of the blades will be C,, + (Cy, - Cy, )/2 = (Cy, + Cy, )/2. 


The radial velocities induced by the trailing ring vortices 
cancel out downstream at infinity. The velocities induced by two 
ring vortices equidistant from a plane perpendicular to the axis of 
the annulus is shown in Fig. 5A. These heve equal circulations and 
hence by symmetry induce no radial component of velocity. At an in- 
finite distance downstream the ring vortex system is composed of an 
infinite number of such pairs of vortex rings, and thus no radial 
velocities are induced. Each pair of vortices, however, induces an 
exiel velocity which is just twice that induced by a single ring. 

At the plene of the blades the ring vortex eystem is made up of an 
infinite number of rings formed by only the downstream member of each 
pair, Fig. 5A. The axial velocity induced et the plane of the blades 
by the system of ring vortices in that case will be just half that 
induced at an infinite distance downstream. If Cm, and Cx, are 

the axial velocities at infinite distances upstream and downstream 

of the blades respectively, the axial velocity induced by the ring 


vortices downstream at infinity will be ox, = C,, and that induced 
, 1 
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in the plane of the blades is (Cy. - Cx, )/2. The axiel velocity 


at the blades is, therefore, Cy, + (Cx, “ Cy, )/2 = (Cc, + Cx, )/2« 
« 
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35. 11.95 8.80 7.06 AP be 
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TABLE II 
Ordinates of Blade Sections ~ 
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1.0 3 7 5 
Upper Lower Upper Lower Upper Lower Upper Lower 


® 037 a 000 ° 025 * 000 e 019 ° 000 ry 017 “es 000 
O79 =.004 -051 -~.006 e044 -.008 032 -.010 
-i11 +.010 O74 +.002 064 -.007 047 -.O011 
156 8§=66 032 “812 «016 094 ~.003 066 ~.010 
224 .069 2165 48=— 5686 132 +.006 e091 -.009 
0295 8=elil 222 @8©=—6. 058 e173 = 022 -119 +.006 
0333 =o 135 251 8.070 193.032 132 ~-.004 
0343 = 145 -260 .078 198 .038 134 -.001 
328 8=64144 249 8=—. 081 186 .041 128 +.001 
292 = 36 221 86.078 266 86.040 112 003 
e237 = A7 180 8=.068 196 03=— 037 092 004 
168 086 0129 = «. 049 .098 §=.026 066 .002 


049 + #.019 -040 .008 032 .002 024 ~.005 
.008 -.009 .008 -.009 008 ‘~,009 .008 ~-.008 
022 22. .018 .016 
2015 2015 .015 «015 


All ordinates measured in inches from chord line. 
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